Abstract: Swells in the marine current can cause unanticipated fluctuations in the power generated by Marine Current Turbines (MCTs). While the marine current in a single point under swell effect can be captured through a well-defined model, realistic aggregated models that capture the spatial distribution of the turbines that compose a MCT farm have not been proposed yet. This paper aims at filling this gap. The proposed model also helps design Energy Storage Systems (ESSs) included in MCT farms to level the power fluctuations caused by swells. Results highlight that there is the need for more detailed models of the correlation of marine currents in a farm of MCTs.
INTRODUCTION

Motivations
Ocean-based renewable energy sources exist in various forms, i.e. tidal, wave and thermal energy. Among these, tidal energy is considered to be the most promising [WEC (2016) ]. Tidal generation is dependent on marine current. The marine current can be subjected to short-term fluctuations due to swells in the ocean. These fluctuations can effect the power quality and stability of power systems. The swells in the current in a single point have been modeled in the literature. However, the aggregated current of a MCT farm has not been modeled and is therefore the subject of this paper.
Literature Review
One of the main advantages of marine current energy compared to other prominent renewable energy sources (wind, solar, etc) is its high predictability. This is because marine currents are mostly driven by the tidal phenomenon, which depends on astronomical forces making it predictable within 98% accuracy [Benelghali et al. (2011) ]. However, the marine current speed is subject to shortterm disturbances caused by the swell phenomenon. The fluctuations in the power originated by the swell can be viewed as forced oscillations that need to be effectively damped to ensure a stable and reliable operation of the system [Ghorbaniparvar (2017) ].
The Stokes model coupled with the JONSWAP spectrum [Zhou et al. (2013a) ; Anwar et al. (2016) Coupled with the issue of properly modeling the swell effect, there is the need to design an effective control to reduce active power fluctuations. An efficient solution is to install a ESS at the point of connection of the MCT farm with the grid. With this regard, several energy storage technologies have been discussed in the literature. In [Zhou et al. (2013b) ; Pham et al. (2017) ], electrochemical capacitors are proposed and in [Anwar et al. (2016) ] lithium-ion batteries. These publications have identified the size of the ESS to have to be approximately half of the size of the MCT farm if no additional control is used. However, references [Anwar et al. (2016) ; Zhou et al. (2013b) ; Pham et al. (2017) ] can be prone to overestimate the capacity of the storage device because a detailed model of the aggregated MCT farm current is not considered.
Contributions
The goal of this paper is to understand the limitations of single-point models of marine currents for MCT power plants. The specific contributions of this paper are threefold:
• Propose an approach to aggregate the marine current speed of a MCT farm.
• Study the effect of the swell phenomenon on a modified 9-bus 3-machine test system for the worst and best case scenario of swells.
• Discuss the design of ESSs for levelling the swellinduced power fluctuations.
Paper Organisation
The remainder of the paper is organized as follows. Section 2 outlines the model of the marine system, including marine current, aggregated current and the generator model. In Section 3 the ESS used to smooth the power fluctuations induced by swells is presented. The case study is outlined in Section 4 and further discussion on the results are provided in Section 5. Finally, in Section 6 conclusions are drawn and future work is outlined.
MARINE SYSTEM MODELING
In this section, the components of the implemented marine system model are presented. First the marine current model for a single turbine with the swell-induced short term oscillations is presented in Section 2.1. An aggregated marine current model is proposed in Section 2.2 to better represent the effective marine current in a park of MCTs. The aggregated marine current is the input to the aggregated marine generator model outlined in Section 2.3.
Current speed models
Two kinds of periodical fluctuations can be identified in the marine current. On a daily time scale the current varies with a period of 6 or 12 hours due to the tidal astronomical phenomenon. These fluctuations are highly predictable. On a smaller time scale, that is in a matter of seconds, the marine current fluctuates due to wind waves and ocean swells. It is the swell induced fluctuations that are of interest in this paper.
Swells are long wavelength waves that originate in a remote region of the ocean and propagate out of their area of generation. The intensity of the swell waves varies as they move through the ocean. Low frequency components of the wave propagate faster than the high ones. Therefore, the swell effect at a fixed point has a narrow frequency spectrum characterized by a sharp peak.
The JONSWAP spectrum is a well-accepted analytical model for the swell wave spectrum [Hasselmann et al. (1973) ]:
where ω is the wave angle frequency, α is the intensity of the spectra, g is the acceleration due to gravity, β is the shape factor and ω p is the frequency at the peak of the spectrum. The parameter γ is the peak enhancement factor which controls the sharpness of the peak and
where
The JONSWAP spectrum used in this paper is shown in Fig. 1 . It has a sharp peak and a narrow frequency range as is the case for swell waves. Based on the swell spectrum, the horizontal current velocity can be derived through the super positioning of m frequency components. The first order Stokes model is used to model the marine current. The marine current is represented through the following combination of the tidal speed and the swell effect:
Above, u tide represents the predicted tidal speed (which is taken to be the zero-frequency component of any current model and constant in the case study in Section 4). With
being the amplitude of the i-th frequency component defined from the JONSWAP spectrum (1); ω i is the frequency of the i-th component, k i is the wave number of the i-th component, z is the vertical distance from the sea surface to the hub height of the MCT, d is the depth from the ocean floor and φ i is the initial phase angle of the i-th frequency component.
Aggregated Current Model
The model in (4) captures the marine current for a single MCT. Most often, a number of MCTs are installed close to each other to form a park of MCTs. An aggregated generator model is used to represent all the turbines in the park using a single generator (see Section 2.3). To account for the averaging effect of considering the MCT park as a whole an aggregated model for the current speed is proposed in this paper. This model is based on a similar model used for aggregating wind turbines [Rousi et al. (2014) ].
The aggregated marine current for n individual currents is:
where the n marine currents u jn (t) are defined in (4). All n current models have identical parameters except for the phase angle. The phase angle of each frequency component of each current is a uniformly distributed random number, that is φ in ∼ U(0, 2π).
Tidal turbine farm model
Numerous devices to harvest energy from tidal streams are available in the literature. The main research focus is on horizontal-axis turbines as 75 % of all R&D investments in ocean energy is dedicated to their development [WEC (2016) ]. A contributing factor for their dominance is their similarity to wind turbines. This allows much of the readily available technology for wind generation to be reused for MCTs. The MCT model used in this paper is a single aggregated model that represents a whole farm of n gen MCTs.
Turbine model For MCTs the power extracting principle is similar to wind turbines. The power p m (t) extracted from the marine current is a function of the marine current v m (t), that is:
where η m (λ t (t), β p (t)) is the performance coefficient that measures the efficiency of the marine turbine. Where β p (t) is the blade pitch angle and λ t (t) = v bt (t)/v m (t) is the tip speed ratio that is the ratio between the blade tip speed v bt (t) and the actual marine current speed. A r = πr 2 is the swept area of the rotor, with r as the rotor radius. n gen is the total number of generators in the aggregated model and ρ is the sea water density.
Generator model
The MCT generator is represented using the double-fed induction generator (DFIG), see difference is that the rotor resistance is controllable as shown in Fig. 2(c) . Since the SCIG and WRIG always draws reactive power from the grid, a compensator should be used. In order to avoid compensator and soft stater problem, a generator system with gearbox and full scale power converter has been proposed as illustrated in Fig. 2(b) . SIEMENS has the product called Bonus107 using this system topology [36] . 
B. Doubly Fed Induction Generator
Fig. 3 is known as the DFIG concept. The stator is directly connected to the grid, whereas the wound rotor is connected through a power electronic converter. The variable speed range is ±30% around the synchronous speed [37] . The rating of the power electronic converter is only 25∼30% of the generator capacity, which makes this concept attractive and popular from an economic point of view. The DFIG is the most commonly used one for wind integration due to its high efficiency, fast reaction and robustness during faults. However, DFIG is probably not the case in tidal turbine applications except in special cases comparing to PMSG direct drive system [12] . 
C. Permanent Magnet and Electrically Excited Synchronous Generator
PMSG and EESG are normally used in direct drive train option with full scale power converter connect to the grid as Fig. 4 showed. PMSG system has high potential for the tidal current turbines because of its reduced failure, increased energy yield and reliability. The structure, merits and shortages of PMSG are discussed in [36] . The EESG is usually built with a rotor connected to excitation converter and the stator is quite Both gearbox or direct drive system now are using in the new energy market. However, in direct drive system, the low rotational speed characteristic leads to bigger pole pairs generator design and then leads to bigger system volume and mass. In order to reduce the size and mass of system, a gearbox can be introduced as the dotted line shown in Fig. 4 . Especially for floating platform turbines, this seems to be the trend even that gearbox system needs high maintenance cost. For the direct-drive and oscillating hydrofoil systems, particularly for the horizontal ducted turbines, PMSG are preferred. SCIG is now in the trend of abandonment by the wind energy industry because of its poor fault ride-through capability and significant deterioration of power quality of the local network, therefore, it is no longer considered for tidal energy applications.
Many converter topologies can be used in renewable energy system. In [38]-[40] , the authors reviewed the advantages and disadvantages of different converter options. The control issues of the converters are discussed in the paper [41] .
D. Special Direct Drive Permanent Magnet Generators
The researches carried-out in the laboratory IREENA (ST Nazaire, France) are focused on special direct drive permanent magnet generators (DDPMGs), such as doubly salient permanent magnet generator (DSPMG) and double stator surface mounted permanent magnet generator (DSSMPMG) with the power rating 10kW and 1MW respectively.
1) Doubly Salient Permanent Magnet Generator:
The studied DSPMG is a doubly salient machine with 4 permanent magnets on the stator. The stator includes 48 small teeth distributed on 12 stator big teeth and the rotor 64 teeth as Fig. 5 shown. Advantages of this structure are simple and robust construction, high reliability, low cost and high mass torque. Moreover, PMs are located in the stator, easier to cool than in the rotor. This machine has very specific characteristics and researches in the laboratory IREENA are focused on the design optimization [42] , saturated inductance calculation [43] , and control strategies [38] .
2) Double Stator Surface Mounted Permanent Magnet
Generator: DSSMPMG has been designed to serve as the integrated starter generator for HEVs [44] and wind energy application [45] , which is claimed to offer much higher power density than traditional PMSG. Actually, DSSMPMG has much more merits such as smaller cogging torque, smaller The generator dynamic model used written in the synchronously rotating dq frame is given by the following equations. The voltage equations are:
the generator flux is defined as:
and the mechanical equations of the generator are:
In (8)- (10), s and r indicate stator and rotor quantity, respectively, d and q signify a d-axis and q-axis quantity, respectively, V is a voltage (V), R is a resistance (Ω), I is a current (A), φ is a flux (Wb), L is a mutual inductance (H), f is the combined rotor and load friction coefficient, T em , T m are the electromagnetic and shaft mechanical torque, respectively (Nm), J is the combined rotor and load inertia coefficient (kgm 2 ), ω, ω s , ω r = ω s − ω are the rotor electrical speed, synchronous electrical speed and rotor current frequency, respectively (rad/s) and ω m = ω p is the rotor mechanical angular velocity (rad/s), p is the number of poles.
Controllers
• Pitch angle control: The pitch angle of the MCT can vary from 0 − 180 • because of its bi-directional operation caused by the flood and ebb. The pitch angle control applied prevents the turbine from rotating at a speed that exceeds a given limit ω ref t . This control diagram is shown in Fig. 3 . It discretizes the variations of the pitch angle in terms of predefined ∆ω steps. The control is activated when the rotor speed is greater than the rotor speed reference value ω ref t . An anti-windup limiter locks the pith angle to Fig. 3 . Scheme of the pitch angle control.
• Maximum Power Point Tracking (MPPT): The MPPT provides speed control that aims to maximize the power production of the MCT. 
) is the maximum power at ω min t .
ENERGY STORAGE SYSTEM
The marine current source is typically considered favorable compared to other renewable sources such as wind and solar because of its predictability. However, the source also fluctuates both in a short-time frame (due to swells) and in a long-time frame (due to the tidal phenomenon). These fluctuations make it difficult for the system operator to stabilize the network and balance the supply and demand. Therefore, installing Energy Storage Systems (ESSs) alongside the marine generation is considered essential to smooth the output power of the MCTs [Zhou et al. (2013a) ].
Two types of ESSs are typically discussed when it comes to marine generation. A long-term (several hours) and a short-term (several minutes) storage. The latter one is considered in this paper. In the literature, supercapacitors [Zhou et al. (2013a) ; Pham et al. (2017) ], batteries [Anwar et al. (2016) ] and flywheels [Zhou et al. (2013a) ] have been suggested as options for short-term storage.
In this paper, a Flywheel Energy Storage System (FESS) is used as its features make it one of the best candidates for smoothing short-term fluctuations of MCT systems. To represent the FESS in the case study in Section 4 the simplified ESS model presented in Fig. 4 is used [Pal et al. (2000) ; Ortega and Milano (2016) ]. The ESS is represented through decoupled active and reactive power controllers. The input signal ω is the local bus frequency that is regulated through the active power. The voltage at the point of connection v ac is regulated through the ESS reactive power. The physical behavior of the storage system is synthesized by two lag blocks with the time constants T P,ESS and T Q,ESS . In the case study T P,ESS = 0.1 s and T Q,ESS = 0.01 s to represent the FESS. Fig. 4 . The simplified ESS used in the case study.
CASE STUDY
The test power system used in this case study is the Western System Coordinating Council (WSCC) 3-machine, 9-bus system shown in Fig. 5 [Sauer and Pai (1997) ]. The test system has three synchronous generators with Automatic Voltage Regulation (AVR), Power System Stabilizers (PSSs) and turbine governors. The test system is modified and a MCT power plant is connected at bus 7. Approximately 10% of the total generation of the system is relocated from the synchronous generator at Bus 2 to the MCT power plant.
All simulations in this Section were carried out using Dome, a Python-based software tool for power system analysis [Milano (2013) ].
The total active power produced by the marine generator is 32.8 MW. Each individual MCT is set to generate about 1 MW. Therefore, the park consists of a total of 30 MCTs. To assess the effect of the swells in the marine current on the system, both the marine current model in (4) and the aggregated model in (6) are used. In Fig. 6 , the marine current for the following five different cases is shown:
• Case 1: Marine current without swell effect. This is the value for u tide in the remaining cases.
• Case 2: The marine current generated using the model presented in (4).
• Case 3-5: The aggregated marine current in (6) for 5, 15 and 30 currents respectively. Case 2 and Case 5 represent the two extreme cases when the marine current is affected by swells. That is, in Case 2, it is assumed that the marine current is the same for all turbines in the park at the same time. Whereas, in Case 5, each turbine has an individual marine current with random phase angles φ i in (4). Figure 7 shows the generated power of the MCT park for Case 2 and Case 5. The averaging in the aggregated model significantly reduces the fluctuations in the generated power due to the swell effect. However, the fluctuations are not fully eliminated.
The periodical behavior of the power generated by the MCT introduces oscillations in the grid. These oscillations are categorized as forced oscillations as they are the systems response to an external periodical perturbation [Ghorbaniparvar (2017) ]. In this case, the periodic perturbation is due to swells in the marine current. These oscillations can result in reduced power quality, equipment malfunction, improper operation and stability issues. Therefore, it is essential that these oscillations are smoothed. The effect of the swell-induced forced oscillations for both Case 2 and 5 on the COI frequency is shown in Fig. 8 and on the voltage at Bus 1 in Fig. 9 . The significant difference in the size of the variations between the two extreme scenarios is evident. To better compare the two, the standard deviation of the COI frequency and the voltage at Bus 1 for both cases is shown in Table 1 . model, Case 2, the active power fluctuations are up to 0.4 MW. On the other hand, for the aggregated model of Case 5, the fluctuations are 0.1 MW in magnitude, i.e. one fourth the value of Case 2 (see Fig. 7 ). In Case 2, the fluctuations are contained by the limits of the MCT power plant.
Figures 8 and 9 show that the oscillations in the frequency and voltage are significantly damped by the addition of the ESS for both Case 2 and 5. This is further demonstrated by comparing the standard deviations shown in Table 1 .
DISCUSSION
In the literature, three studies have been conducted for utilizing ESS systems for power smoothing of MCT fluctuations caused by swells [Anwar et al. (2016) ; Zhou et al. (2013b) ; Pham et al. (2017) ]. In [Zhou et al. (2013b) ] and [Pham et al. (2017) ], 1.5 MW MCT systems are studied and supercapacitor ESSs are used. The size of the ESS system is not specified in [Pham et al. (2017) ] but the power fluctuations are shown to exceed the size of the MCT plant which indicates that the size of the ESS should be at least 1.5 MW. In [Zhou et al. (2013b) ], the size of the ESS is set to 700 MW. The size of the ESS is relatively large but is assumed to be reasonable because the ESS cost would only be a fraction of the total cost of the marine system. Finally, in [Anwar et al. (2016) ], a 15 MW marine generation is studied and a lithium-ion battery of the size 7 MW is used. The paper proposes using pitch angle control and inertial response to reduce the fluctuations so a smaller battery is needed. However, as all these studies consider the worst-case scenario (Case 2 in Section 4) the additional control for smoothing of these oscillations might be unnecessary. A more detailed model of the aggregated marine current can help design the appropriate size for the ESS.
In the case study discussed in Section 4, the two limit cases are examined (Case 2 and 5) and it is identified that the size of the ESS (intended for smoothing the fluctuations caused by the swell effect) for a 30 MW MCT farm should be somewhere in the range 100 − 400 kW. The aggregated model allows considering the boundary conditions of the ESS capacity requirements. The aggregated model presented in Section 2.2 is a starting point but detailed measurement data of marine currents flowing through a MCT farm are needed to define the capacity of the ESS. Relevant parameters to consider are the layout of the MCT farm, the wake effect and the correlation in the current between individual turbines.
CONCLUSIONS
The paper studies the effect of swells in marine current on power systems with MCTs. The swell effect on a single turbine is modeled using the first order Stokes model coupled with the JONSWAP spectrum. A simple model that takes into account the effect of aggregated marine currents on a MCT farm is proposed.
Swells cause fluctuations in the output power of MCT power plants. ESSs are effective to smooth these fluctuations. In this paper it is shown how the proposed aggregated model can be used to assist in better assessing the capacity of the ESS.
The proposed aggregation method suggests accurate data of marine currents in different locations are required to effectively decide the capacity of the installed ESS. Future work will seek such data and include the modeling of the marine currents considering the wake effect and the correlation in the current between individual turbines.
